The occurrence and consequences of conspecific brood parasitism in the Prothonotary Warbler (Protonotaria citrea) by Tucker, Anna
Virginia Commonwealth University
VCU Scholars Compass
Theses and Dissertations Graduate School
2014
The occurrence and consequences of conspecific
brood parasitism in the Prothonotary Warbler
(Protonotaria citrea)
Anna Tucker
Virginia Commonwealth University
Follow this and additional works at: http://scholarscompass.vcu.edu/etd
Part of the Biology Commons
© The Author
This Thesis is brought to you for free and open access by the Graduate School at VCU Scholars Compass. It has been accepted for inclusion in Theses
and Dissertations by an authorized administrator of VCU Scholars Compass. For more information, please contact libcompass@vcu.edu.
Downloaded from
http://scholarscompass.vcu.edu/etd/3450
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
© Anna Maureen Tucker, May 2014 
All Rights Reserved 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
THE OCCURRENCE AND CONSEQUENCES OF CONSPECIFIC BROOD PARASITISM IN 
THE PROTHONOTARY WARBLER (PROTONOTARIA CITREA) 
 
 
A thesis submitted in partial fulfillment of the requirements for the degree of Master of Science 
at Virginia Commonwealth University 
 
 
 
By 
 
ANNA MAUREEN TUCKER 
Bachelor of Science, Loyola University Maryland 2010 
 
 
 
 
 
Advised by 
 
LESLEY BULLUCK, PH.D. 
Department of Biology, Center for Environmental Studies 
Virginia Commonwealth University 
 
& 
 
RODNEY DYER, PH.D. 
Department of Biology 
Virginia Commonwealth University 
 
 
 
 
 
 
 
 
VIRGINIA COMMONWEALTH UNIVERSITY 
RICHMOND, VA 
MAY, 2014 
 
	   ii 
TABLE OF CONTENTS 
 
 
ACKNOWLEDGEMENT ................................................................................................................... iii 
LIST OF TABLES ............................................................................................................................. iv 
CHAPTER 1 .................................................................................................................................. iv 
CHAPTER 2 .................................................................................................................................. iv 
LIST OF FIGURES ............................................................................................................................ v 
CHAPTER 1 ................................................................................................................................... v 
CHAPTER 2 ................................................................................................................................... v 
ABSTRACT ....................................................................................................................................... 1 
GENERAL INTRODUCTION .............................................................................................................. 2 
LITERATURE CITED ...................................................................................................................... 4 
CHAPTER 1 ...................................................................................................................................... 5 
ABSTRACT ................................................................................................................................... 5 
INTRODUCTION ............................................................................................................................ 6 
METHODS .................................................................................................................................... 9 
RESULTS .................................................................................................................................... 15 
DISCUSSION ............................................................................................................................... 18 
LITERATURE CITED .................................................................................................................... 24 
TABLES AND FIGURES ................................................................................................................ 28 
APPENDIX .................................................................................................................................. 39 
CHAPTER 2 .................................................................................................................................... 50 
ABSTRACT ................................................................................................................................. 50 
INTRODUCTION .......................................................................................................................... 51 
METHODS .................................................................................................................................. 53 
RESULTS .................................................................................................................................... 57 
DISCUSSION ............................................................................................................................... 59 
LITERATURE CITED .................................................................................................................... 63 
TABLES AND FIGURES ................................................................................................................ 66 
APPENDIX .................................................................................................................................. 73 
CONCLUSIONS ............................................................................................................................... 74 
VITA .............................................................................................................................................. 75 
 
 
 
 
	   iii 
 
ACKNOWLEDGEMENT 	  
 I would like to thank my advisors, Drs. Lesley Bulluck and Rodney Dyer, not only for all 
they have done to help me during this project, but also for showing me the qualities of the 
mentor and scientist I hope to become. Lesley has provided unwavering support, guidance, and 
mentorship, and Rodney demonstrates each day how to approach problems with a critical mind 
and endless energy. 
 I also thank Dr. Sarah Huber for her help in developing my ideas and providing financial 
support for this project, and committee members Drs. Derek Johnson and Salvatore Agosta for 
their feedback on earlier drafts. Many thanks to the Population Ecology lab group—Dr. Kristine 
Grayson, Ben Colteaux, Dan Albrecht-Mallinger Lily Thompson, John Wojcikiewicz, Julie 
Charbonnier, Nik Moy, and Ethan Staats—and the Population Genetics lab group—Cathy 
Viverette, Dr. Brian Verrelli, Jameson Hinkle, Chitra Seshadri, and Lindsay Miles—for 
numerous comments on drafts and proposals and for their camaraderie. This project could not 
have happened without the detailed data collection begun by Charles Blem and continued by 
Lesley Bulluck, Cathy Viverette, Sarah Huber, and many others. I am very grateful to Jenna 
Dodson, Miranda Foster, and Ryan Weaver, without whom fieldwork and DNA extractions in 
2013 would not have been possible, and Kris Kruse of Nevada Genomics for her patience and 
expertise. Special thanks to Dr. James Vonesh for providing invaluable advice and guidance. 
 And finally, I owe endless gratitude to my parents, Mark and Maureen Tucker, who 
continue to encourage me in pursuit of my goals and have never stopped convincing me that I 
could achieve them, and to my siblings, Emily, Mark, and Rosy, for their love and support. 
	   iv 
LIST OF TABLES  
 
CHAPTER 1 
 
Table 1: Microsatellite loci used in maternal exclusion analysis, including allelic diversity, 
heterozygosity, inbreeding statistic, exclusion probability, and null allele frequency 
 
Table 2: Numbers of individuals and family groups sampled and results of maternal exclusion 
analyses by year 
 
Table 3: Parameter estimates from linear regression model predicting average annual 
reproductive success for host and non-host females. 
 
 
CHAPTER 2 
 
Table 1: Sample sizes, clutch sizes, and average visits per chick per hour for male and female 
parents for nestling provisioning observations 
 
Table 2: Parameter estimates for models predicting provisioning rates of male and female 
parents. 
 
Table 3: Recruitment of all nestlings born in our study site from 1988 to 2013, and recruitment of 
all nestlings for which we have genetic data (2009 to 2013) 
 
Table 4: Proportion of nestlings recruited per clutch from clutches with and without CBP 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
	   v 
LIST OF FIGURES 
 
CHAPTER 1 
 
Figure 1: Map of study site at Deep Bottom in Henrico County, VA 
 
Figure 2: Histogram of one or more mismatched offspring in clutches containing at least one 
mismatched offspring 
 
Figure 3: Ages (in years) of social mothers and likely parasites for cases in which a likely 
biological mother of an offspring mismatched to its social mother could be identified 
 
Figure 4: Timing of egg laying between parasitized clutches and likely parasites, if nesting that 
year 
 
Figure 5: Distribution of relatedness estimates between nesting females 
 
Figure 6: Scatterplots of pairwise relatedness estimates and nest box location  
 
Figure 7: Boxplots of clutch sizes and number of biological offspring fledged in clutches with 
and without CBP. 
 
Figure 8: Predicted average annual reproductive success for host and non-host females 
 
 
CHAPTER 2 
 
Figure 1: Female provisioning as a function of nestling age  
 
Figure 2: Male provisioning as function of the number of nestlings in the nest and CBP 
 
Figure 3: Relationship between mean nestling body condition and male provisioning 
 
 
 
 
ABSTRACT 	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 Brood parasites avoid costs associated with raising young by adding eggs to another 
individual’s clutch and providing no parental care. When conspecific brood parasitism occurs in 
species with high parental investment, we expect hosts to suffer costs for raising an enlarged 
brood. Here I describe conspecific brood parasitism (CBP) in the prothonotary warbler using 
maternal exclusion analyses of 333 family groups. I found that 23.4% of clutches contained at 
least one offspring that was not matched to the social mother and determined that parasitism 
seems to be an opportunistic tactic. Hosts had lower average annual reproductive success than 
non-hosts, but CBP did not affect adult survival or nestling body condition and likelihood of 
recruitment. Clutches with CBP received less provisioning from the male, but not female, parent. 
Future research is needed to understand the effects of density and competition on the breeding 
behaviors of this and other similar species.  
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 GENERAL INTRODUCTION 
 The costs of reproduction are well-established, and parental care is understood to be an 
investment (Trivers 1972); the energy expenditure of raising young is balanced by increased 
fitness gained by the offspring. To maximize this benefit and avoid the task of parental care 
altogether, some species employ a reproductive tactic termed “social,” “reproductive,” or “brood 
parasitism,” i.e. forcing another individual to raise genetically unrelated offspring. Social 
parasitism has been documented in fish (Wisenden 1999), insects (Tallamy 2005), and birds 
(Hamilton and Orians 1965). It can be facultative (i.e. opportunistic) or obligate and targeted at 
either hetero- or conspecifics. This behavior has received the term “parasitism” because hosts 
that raise the unrelated offspring often suffer proximate costs, such as decreased survival or 
condition of biological offspring, while the parasite individual is able to produce viable offspring 
without the added energetic investment of parental care (Roldan and Soler 2011).  
 Conspecific brood parasitism (CBP), wherein a parasite female adds eggs to the clutch of 
another individual of the same species (the host), has been widely documented in some avian 
groups but is more rare in others. CBP is most common in groups with young that require low 
parental care (i.e. precocial young), and the low cost of CBP in these systems may help explain 
why this behavior is tolerated by host females (Sorenson 1993, Dugger and Blums 2001, Yom-
tov 2001). CBP is also more likely to be found in colonial or cavity-nesting species; the close 
proximity of nests likely facilitates the development of a parasitic tactic for some individuals 
(Poysa 2006, Roy et al. 2009).  
 Here I describe the occurrence of CBP in a population of prothonotary warblers 
(Protonotaria citrea), breeding in nest boxes. I aim to describe the strategy of parasitic females, 
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which is likely influenced by proximity of neighbors and limited number of preferred nesting 
sites. I also investigate costs to the host female, as this species has altricial young that require 
intensive parental care. I use both short-term and long-term demographic, recapture, and genetic 
data to assess the effect of CBP on host female condition, annual reproductive success, and 
return rate. I also examine the effect of CBP on nest-mates, using detailed provisioning 
observations to determine how parental response to CBP influences nestling body condition and 
probability of recruitment to the breeding population.   
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CHAPTER 1 
 
CONSPECIFIC BROOD PARASITISM IN A CAVITY-NESTING WARBLER: FEMALES 
OPPORTUNISTICALLY DUMP EGGS AND HOSTS INCUR COSTS 
 
Abstract 
 Parental care is energetically expensive and brood parasites avoid this cost by laying eggs 
in the nest of other individuals. Conspecific brood parasitism (CBP) has been widely 
documented in birds, but mainly in species with precocial young that require little parental care 
post hatching. Here we describe the occurrence of CBP in the prothonotary warbler 
(Protonotaria citrea), a species in which the parents provide intensive provisioning of young. 
Using maternal exclusion analyses at eight microsatellite loci of 333 family groups breeding 
across five years (2009 to 2013), we found that 23.4% of clutches contained at least one 
offspring that was not matched to the social mother. We determined that parasite strategy seems 
opportunistic, and found no evidence that females were targeting more related hosts. We 
expected that raising unrelated young would impose energetic or fitness costs on the host female, 
and found that females who raise a mismatched offspring produced fewer biological offspring 
than those that did not (1.02 ± 0.26 fewer offspring per year). This behavior may be driven by 
our long-term maintenance of high quality nesting sites and resulting high breeding density and 
competition; future research is needed to understand the effects of nest box limitation and 
supplementation on breeding behaviors of this and other similar species. 
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Introduction 
 Behaviors that enable an individual to increase reproductive output while minimizing 
effort are advantageous. Social parasites take advantage of parental investment (Trivers 1972) by 
other individuals by adding eggs to another’s brood and allowing that host to provide care for 
their young. This behavior has been documented in many taxa, including fish (Wisenden 1999) 
and insects (Tallamy 2005), but is most widespread—or most studied—in birds (Hamilton and 
Orians 1965). It has received the term “parasitism” because hosts often suffer costs while the 
parasite benefits by producing viable offspring with reduced energetic investment (Roldan and 
Soler 2011). Brood parasitism can be facultative or obligate, and occurs between both hetero- 
and conspecifics.  
 Conspecific brood parasitism (CBP), wherein a female lays an egg in another female’s 
nest of the same species, is quite prevalent in some avian groups. A review by Yom-tov (2001) 
listed 236 avian species in which this behavior has been documented, representing 16 Orders. 
The majority of those cases occurred in groups with low parental care post-hatching and colonial 
breeding, and it is likely that these traits facilitate the occurrence of this behavior. In a species 
with precocial young, which are born fully developed and require little to no post-hatching care, 
a host female suffers very little cost to incubating a dumped egg (Sorenson 1993, Dugger and 
Blums 2001), raising the question of whether the term “parasitism” is appropriately applied. In 
colonial breeding species, with a high density of breeding pairs, rates of CBP are likely higher 
due to close proximity of neighbors and ease of locating neighboring nests which may be a 
limiting resource (Roy Nielson et al. 2006).  
 Widespread occurrence of this behavior has rarely been documented in species with 
altricial young, which hatch featherless and blind and require a great deal of parental care, 
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including feeding by one or both parents for up to a month (Ar and Yom-tov 1978, Dearborn et 
al. 2009). For example, all passerines (Order Passeriformes) have altricial young, and of the 
nearly 5,000 species in this Order, CBP has been documented in only 1% (Yom-tov 2001). Due 
to the assumed rarity of CBP in these systems, we have a poor understanding of the effects of a 
parasitic nestling. Costs of interspecific brood parasitism (e.g. from brown-headed cowbirds and 
common cuckoos) include diminished nestling growth and condition, lower likelihood of nest 
success, ejection of host eggs, and even nest-mate killing by the parasitic nestling (Rothstein 
1990, Hoover and Robinson 2007, Gloag et al. 2011). Additionally, the burden of raising 
parasitic nestlings can result in decreased adult condition, reproduction, and survival to the next 
breeding season (Hoover and Reetz 2006, Pappas et al. 2010, Mark and Rubenstein 2013). Low 
quality nestlings from parasitized nests may also be less likely to survive and be recruited to the 
breeding population (Hoover and Reetz 2006). We expect CBP in altricial species to have a 
similar effect, putting an increased energy demand on the adults that could ultimately decrease 
survival and reproductive success. 
 That this behavior developed in this group at all is unusual, but can be partially explained 
by the fact that most passerines with CBP are colonial or semi-colonial nesters, e.g. swallows 
(Family Hirudinidae) and weaverbirds (Family Ploceidae) (Yom-tov 2001, Weaver and Brown 
2004). Coloniality and natal philopatry may also result in a high degree of relatedness among 
adults breeding in an area, which could facilitate CBP by mitigating potential costs to the host 
with an inclusive fitness benefit (Hamilton 1964, Eadie and Lyon 2011). When relatedness 
between hosts and parasites is high, it is important to understand whether CBP occurs as an 
artifact of nest site clumping by relatives, or due to true kin recognition between adults. Spatial 
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autocorrelation analyses (e.g. Jaatinen et al. 2009, Tiedemann et al. 2011) can help us parse apart 
these effects to better understand the mechanisms of this behavior.  
 Factors such as nesting density and relatedness may make CBP more likely to persist in a 
population, but the motivation of the parasite for dumping eggs is unclear, and numerous studies 
offer support for varied hypotheses. The fecundity enhancement hypothesis posits that a high-
quality female produces a larger-than-average clutch, but avoids the associated higher costs of 
raising an enlarged brood by laying some eggs parasitically and raising the remainder in her own 
nest, thus boosting her fecundity (Lyon and Eadie 2008, Andersson and Åhlund 2012). Another 
hypothesis, termed “best-of-a-bad-job,” states that females resort to laying eggs parasitically 
when constrained by sub-optimal conditions (Lyon and Eadie 2008). For example, if a female is 
unable to secure a nest-site, or if her nest is lost during egg laying due to predation or random 
events, laying parasitic eggs may be an attempt to gain some reproductive success rather than 
lose the breeding opportunity altogether.   
 Here, we describe the occurrence of CBP in a passerine, the prothonotary warbler 
(Protonotaria citrea). This population is the subject of an ongoing long-term demographic 
monitoring study beginning in 1988 (Blem and Blem 1991); field observations of more than one 
egg appearing in a nest within 24 hours as well as preliminary evidence of offspring-mother 
mismatching from a study investigating extra-pair paternity suggested that some females were 
dumping eggs in others’ nests. These birds typically nest in existing tree cavities and are not 
colonial, but they do readily nest in manmade nest boxes, even when placed at relatively high 
density, as is the case at our study site.   
 Maternal exclusion analyses were performed for 333 family groups over five years, from 
2009 to 2013, using eight microsatellite loci to determine how frequently an offspring was 
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mismatched to its social mother. We aim to describe the occurrence of this behavior as well as to 
investigate potential parasite strategies (i.e., best of a bad job vs. fecundity enhancement) to 
better understand how egg dumping might have developed in this population. We also test for 
relatedness between nesting females to determine whether inclusive fitness benefits may be 
facilitating the tolerance of egg dumping by hosts and use spatial correlation analyses to test for 
spatial clumping of related female nest boxes and likelihood of egg dumping.  
 Throughout this manuscript, we use the term “parasitism” to describe this behavior, and 
refer to mismatched offspring and the most likely biological mothers as “parasitic” and 
“parasites,” respectively. It should be noted that since this is the first documentation to our 
knowledge of this behavior occurring in any wood-warbler species (Family Parulidae), the costs 
associated with it are unknown; therefore, the term “parasitism” may not be entirely accurate. To 
elucidate the effects of CBP, we also examine short-term (body condition and annual 
reproductive success) and long-term (adult return rate and annual reproductive success) metrics 
of fitness for host and non-host individuals.  
 
Methods 
Study system and field methods 
 Prothonotary warblers (Protonotaria citrea) are Neotropical migrants that breed in 
bottomland hardwood forests throughout the southeastern United States and over-winter in 
Central and South America (Petit 1999). They are secondary cavity-nesters, and readily use 
manmade nest boxes. Females typically lay four or five eggs per clutch, and can raise two broods 
per season, typically one “early” and one “late” clutch (Blem et al. 1999). They are socially 
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monogamous but, like most songbirds, have been shown to engage in extra-pair copulations 
(Petit 1999).  
 The study population has been breeding in nest boxes in several locations along the 
Lower James River near Richmond, VA since 1988 and is the subject of an ongoing long-term 
banding and monitoring project (Blem and Blem 1991). From 2009 to 2013, 65 nest boxes were 
monitored at Deep Bottom Park in Henrico County, VA (Figure 1). The mean distance between 
nest boxes is 53.4 meters, with most inter-box distances ranging from 24.9 to 75.9 meters. All 
boxes are in relatively close proximity; the farthest distance between two boxes is 1.48 
kilometers.  
 All boxes were checked three times a week during the breeding season to determine nest 
initiation, hatching and completion dates for each clutch, as well as to monitor reproductive 
output and success of individual females. Females were captured at the box during incubation 
and marked with a U.S. Fish and Wildlife Service aluminum leg band as well as a unique three-
color combination of plastic leg bands for re-sighting and identification. Morphometric 
measurements (wing length, tail length, tarsus length, and mass) were taken from each individual 
and a blood sample was collected via brachial venipuncture and blotted onto a Whatman FTA® 
card for storage. When possible, males were captured using mist nets or opportunistically during 
feeding.  
 Nestlings were banded between days 6 and 8 (counting hatch day as day 0), and given a 
U.S. Fish and Wildlife Service aluminum band as well as one cohort-specific color band to 
indicate hatch year. Tarsus length and mass were measured and a blood sample taken following 
the method described above. Nestlings that were recaptured as breeding adults in subsequent 
years were given a unique 3-color combination. Blood samples were only taken from individuals 
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at the first time of capture, and morphometric measurements were re-taken during the first 
capture of that individual for each breeding season.   
DNA extraction and microsatellite analysis 
 DNA was extracted from blood samples following Smith and Burgoyne (2004), Method 
4, using two 1.2mm punches of dried blood collected on Whatman FTA cards. Briefly, FTA card 
punches were washed several times with DNAzol (Life Technologies) and DDH20 and genomic 
DNA was eluted into water. DNA was amplified in 10 µL PCR reactions with reagents at the 
following final concentrations: 1X Invitrogen reaction buffer, 3 mM MgCl2, 0.15 mM dNTPs, 
2.5 units Taq polymerase, and 0.5 µM each of the forward and reverse primers. 6 µL DDH2O per 
sample was also included. Amplification of DNA was performed with an initial heating of 94°C 
for 3 minutes, followed by a cycle of 94°C for 1 minute, the locus-specific annealing temperature 
for 45 seconds, and 72°C for 1 minute. This cycle was repeated 30 times, followed by an end 
temperature of 72°C for 5 minutes.  
 All individuals were genotyped at 8 microsatellite loci that were developed for related 
taxa, but have been previously used in this species (see Appendix). Fragment analysis was 
conducted on a 3730 DNA Analyzer (Applied Biosystems, Inc.) and trace files were analyzed 
using GeneMapper (Applied Biosystems, Inc.). Alleles were binned automatically and manually 
checked for accuracy. Peaks that could not be autobinned were manually assigned where 
possible. Loci with peaks that could not be reliably assigned to a bin were excluded for that 
individual. Genotypes were formatted and all maternal exclusion analyses were performed using 
the gstudio package for R (Dyer 2014; R Core Development Team 2013). Null allele frequencies 
were determined using the GENEPOP web interface (Raymond and Rousset 1995, Rousset 2008).  
Maternal exclusion 
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 We determined whether a nestling was mismatched to its social mother using strict 
parental exclusion criteria (Jones and Ardren 2003) wherein the genotypes of offspring and 
putative mother were compared at each locus to determine if they shared at least one allele. Due 
to the very small sample size of genotyped males (n = 13) only female parents were included in 
this analysis. A nestling was considered “mismatched” if the genotypes did not match at least 
three loci, to reduce the likelihood of classifying a nestling as mismatched due to genotyping 
error. Three loci (Lsw12, VeCr07, VeCr03), had a relatively high frequency of null allele (Table 
1), so any case in which a mother was homozygous at those loci was not considered in exclusion 
analyses. Proportions of mismatched offspring and clutches were compared across years using a 
Chi-square test of independence. If all nestlings in a clutch were mismatched to the social 
mother, field data for those clutches were reexamined to ensure accurate assignment of the social 
mother. 
Identification of most likely biological mother (parasite) 
  All nestlings that were mismatched to the social mother were compared with all females 
sampled to determine the most likely mother based on transition probabilities (Marshall et al. 
1998), i.e. the probability of maternity based on frequencies of shared alleles. We assumed any 
female with a non-zero probability of maternity (at least one allele shared at every locus) for a 
dumped offspring to be the biological mother of that offspring. For all cases of a non-zero 
transition probability, the relatedness between the social mother and the most likely mother was 
estimated following the method described by Lynch and Ritland (1999). Pairwise relatedness 
matrices were calculated using GENALEX version 6.5 (Peakall and Smouse 2006, 2012). 
Euclidean distance between the nest box of the dumped offspring and the nest box of the putative 
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parasitic mother, if known, was calculated and tested for association with likelihood of 
maternity. All analyses were performed using the gstudio package version 1.2 for R (Dyer 2014).  
 Numerical age (in years) of social mothers and putative parasites were also determined 
from long-term recapture data. Ages of parasite and social mothers were compared using a 
Student’s t-test. For the instances where the most likely biological mother was also breeding in 
the same season, nest initiation dates of the most likely mother and the clutch containing the 
mismatched offspring were tested for association using Spearman’s ρ to determine if egg laying 
of the parasites’ own clutch overlapped with egg laying of the mismatched offspring.  
Spatial patterns of relatedness and nesting site 
 To determine what role, if any, spatial clustering of relatedness might have in influencing 
the likelihood of egg dumping, pairwise multilocus relatedness and Euclidean distance between 
nest box were calculated for all females. Distances between females’ nesting sites were 
calculated twice per year to account for changes in nest box between early and late clutches, for 
10 total correlation analyses using Mantel tests in package vegan version 2.0-10 (Oksanen et al. 
2013). Each clutch was categorized as “early” or “late” to group them temporally, using the 
earliest nest initiation date after which no female double-brooded as a threshold value for each 
year (see Appendix for details). Any clutches initiated before this date were considered “early” 
and those initiated after this date were considered “late.”  
 Spatial patterns of egg dumping were also assessed using Mantel correlations. For each 
nest box, we determined the number of times each year that a clutch in that nest box contained at 
least one mismatched offspring. Pairwise differences in occurrences of CBP were determined for 
all boxes, and a Mantel test was used to test for correlation between differences in CBP and 
physical distances. This was calculated separately for each year. Unless otherwise specified, all 
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means are reported ± standard deviation, and all analyses were performed using R version 3.0.1 
(R Core Development Team 2013).  
Reproductive costs to host females 
 For all females breeding in the study system from 2009 to 2013, the following 
information was recorded for each breeding year: initiation date of first nest (first egg laid, 
reported as Julian Day), total number of eggs laid, total number of young fledged, whether or not 
she had a clutch with at least one mismatched offspring (hereafter, “host”), and whether or not 
she double-brooded. A female was considered to have double-brooded if she successfully 
fledged one brood and initiated a second brood. A nestling was considered to have fledged if it 
reached day 9. Number of eggs laid and number of young fledged was also summed for all 
females to determine her total reproductive output across all years of breeding data. For all 
comparisons of annual reproductive output, we subtracted the number of mismatched offspring 
from the total number of nestlings fledged to determine the number of biological offspring 
fledged for each female.  
Predicted annual reproductive success of hosts and non-hosts 
 For each female, average annual reproductive success was calculated as total number of 
biological offspring produced divided by years of breeding data, and this was used as a metric to 
predict long-term reproductive success. A general linear regression model was used to test the 
relationship between reproductive success of a female and the following predictor variables: the 
proportion of breeding seasons in which she had a double-brood (Prop DB), the mean age (in 
years) across all years of breeding data (Mean Age), and whether or not the female was ever a 
host (Host). We used a binary indication of host status instead of a numeric approximation due to 
the small sample size of females who were a host in more than one year (n = 12). Double-
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brooding is expected to increase annual reproductive success, and age of females has also been 
shown to have a positive relationship with both double-brooding and overall annual reproductive 
success (Bulluck et al. 2013).  
 
Results  
Summary of microsatellite loci and population demographics 
 All eight microsatellite loci used were highly polymorphic, with the number of alleles per 
locus ranging from 7 to 25 (Table 1). Our estimated multilocus exclusion probability was 99.9%.  
Though these boxes have been monitored since 1988, 2009 was the first year of intensive blood 
sample collection and the overall sample collection effort that year was lower than in subsequent 
years. From 2010 to 2013, sample collection was fairly constant (Table 2), with the number of 
complete family groups sampled each year ranging from 68 to 76. Demographic monitoring and 
banding effort was equal across all years. 
Evidence of conspecific brood parasitism 
 Of the 1251 nestlings sampled, 142 were found to be mismatched to the social mother at 
three or more loci, representing 11.3% of offspring sampled (Table 2). Across all years, there 
were 78 clutches that had at least one mismatched offspring, representing 23.4% of all full 
mother-offspring groups sampled (n = 333). The proportion of clutches with at least one 
mismatched offspring was not significantly different across years (χ2 = 7.5, df = 4, p = 0.1115). 
The number of mismatched offspring per clutch varied from 0 to 5, with the majority of 
parasitized nests having one or two mismatched offspring (Figure 2).  
Identification of parasite mothers 
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 Of the 142 nestlings that were mismatched to the social mother, 20 (14.2%) were found 
to have a non-zero transition probability of maternity for another female in the population, and 
we assume that female to be the parasite. Twelve (60%) of those likely mothers were also 
breeding in our study site in the same year. Euclidean distance between the mismatched 
offspring nest box and the nest box of the putative parasite was not associated with probability of 
maternity (r = -0.0348, p = 0.9143). Relatedness between the social mother and the likely 
parasite was weakly associated with probability of maternity (r = 0.3886, p = 0.0739), but mean 
relatedness between host females and likely parasites was not significantly different from the 
mean relatedness between all pairs of breeding females (mean relatedness host-parasite = 0.0094, 
mean relatedness all females = -0.0036, t = 0.8247, p = 0.4184). 
 For the 20 nestlings for which a likely mother was identified, the likely mothers were 
significantly older than the social mothers (Figure 3; p = 0.0046, mean age of parasite = 3.6 ± 
1.94, mean age of social mother = 2.2 ± 1.21). For all females sampled, however, there was no 
difference in age between host females and all other females breeding in the same year (t = -1.05, 
p = 0.2993). Assuming the parasitic nestling was truly a biological offspring of the identified 
parasite, those females laid an average of 7.27 eggs and produced an average of 5.67 fledglings 
in that breeding season, which is not significantly different from the average number of eggs laid 
or biological fledged in one year by all nesting females (Eggs: t = -1.59, p = 0.1305; Fledged: t = 
-1.67, p = 0.1143). 
 Timing of egg laying was also assessed for the cases in which a parasite could be 
identified breeding in the same year. Nest initiation date of the parasitized clutch was not 
associated with the first nest initiation date of the most likely mother (r = 0.160, p = 0.6189), and 
the timing of the nesting parasites’ clutches suggested an opportunistic tactic (Figure 4). In 3 (of 
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12) cases the likely parasites were laying their own clutch during the time when they laid the 
parasitic egg, in 3 cases the parasitic egg was dumped in an earlier clutch and the parasite nested 
later in the season, and in 4 cases the parasitic egg was dumped in a later clutch and the parasite 
nested earlier in the season. There was one case where the parasitic egg was laid during a period 
in between two clutches for the putative parasite female. 
Relatedness of breeding females  
 The mean multilocus relatedness estimation for all females sampled was -0.004 ± 0.051, 
with relatedness estimates ranging from -0.124 to 0.456 (Figure 5). There was no relationship 
between physical distance between nesting locations and relatedness of females, with the 
exception of a significant correlation for the early clutches in 2009 (Figure 6). There was no 
relationship between inter-box Euclidean distances and differences in number of clutches with 
CBP occurring in that nest box (details in Appendix).  
Reproductive success of hosts and non-hosts 
 Clutch sizes of parasitized and non-parasitized nests were not different (Figure 7; t = -
0.18, df = 127.122, p = 0.8542), but the presence of at least one mismatched offspring in the nest 
was associated with fewer biological offspring fledging from that nest (Figure 7; t = 8.06, df = 
110.5, p < 0.0001). Females with at least one mismatched offspring fledged fewer young during 
the host year than non-host individuals, with hosts fledging on average 3.7 biological offspring 
and non-hosts fledging 4.5 (t = -2.9, p = 0.0039). We did not have any females with more than 
one parasitized clutch within the same season.  
 Female average annual reproductive success was found to be strongly associated with the 
proportion of years double-brooded, whether or not she was ever a host, and whether or not she 
was ever a host (Adj. R2 = 0.49, F2,224 = 73.7, p < 0.0001). Parameter estimates (Table 3) suggest 
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that females who are a host at least once fledged an average of 1.02 (± 0.26) fewer offspring per 
year than those who were never a host, even when considering the effects of double brooding 
(Figure 8).  
 
Discussion 
 This is the first conclusive documentation to our knowledge of widespread CBP 
occurring in a warbler species, and it is unclear why this behavior has not been detected in 
previous studies using parentage assignment. By our estimates, 23.4% of clutches across 5 years 
contain at least one mismatched offspring. These estimates are likely conservative; by only 
designating a nestling as “mismatched” if it did not share maternal alleles at three or more loci, 
and accounting for high estimates of null allele frequency by excluding homozygote females, we 
aimed to reduce the likelihood of determining a nestling to be mismatched when it is in reality a 
biological offspring. It is likely that our long-term maintenance of nest boxes has created a 
highly competitive, dense breeding environment that has led to opportunistic dumping of eggs by 
some females.  
 Our results provide conflicting support for two main hypotheses of parasite strategy. Of 
the 141 cases of mismatched offspring, only 20 could be matched to a potential mother from our 
breeding population, suggesting that parasites are floaters (i.e. not breeding that year). 
Alternatively, they could have been breeding in natural nest cavities not sampled on our site; we 
know of at least one natural cavity nest from 2013 (A. Tucker pers. obs.). If parasite females are 
floaters, this would suggest that laying eggs parasitically is a way to ensure some reproductive 
output when prohibited from nesting, either due to individual quality or competition for limited 
nest sites, following the best-of-a-bad-job hypothesis.  
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 Under the best-of-a-bad-job scenario, we would expect parasites to be younger, lower 
quality females. However, the 20 likely parasites that could be identified were significantly older 
than the host females raising their offspring. Of those, 60% were also breeding in the same year, 
giving some support to the fecundity-enhancement hypothesis of parasite strategy (i.e. high 
quality females are able to boost their baseline fecundity in a breeding season by laying 
additional eggs parasitically). However when accounting for the offspring putatively matched to 
them, those females laid an average of 7.27 eggs and produced 5.67 fledglings in that year, 
which is not significantly higher than average annual reproductive success of non-parasites. 
Examining the timing of egg laying also yielded conflicting results towards parasite strategy 
(Figure 4), again suggesting the opportunistic nature of this tactic for this system. The sample 
size of nesting parasites is low (n = 12), and may be too small to detect real patterns. Further, 
86% of all mismatched offspring were not able to be assigned to a likely mother, which means 
that for the majority of cases, it is difficult to make inferences about parasite strategy. 
 The fact that so few putative parasites were identified from our breeding females suggests 
that females may be more likely to lay eggs parasitically in their first year breeding at our site 
and are never able to obtain a nest box. We feel relatively confident that our nest boxes are 
preferred over natural cavities, as they are placed on metal poles to decrease predation and are all 
over water, which has been shown to be preferred by this species (Hoover 2006, Beck 2013). We 
have also sampled the majority of females using nest boxes; of the 360 total fledged clutches 
from 2009 – 2013, the female was sampled for 333 (92.5%). Since we did not perform extensive 
passive mist-netting, we would not have captured individuals that did not utilize a nest box to 
obtain a blood sample. If they were unable to secure a nesting location, it is unlikely they would 
return in a subsequent year to breed (Hoover 2003), resulting in dumped offspring from 
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unidentified mothers. Future efforts to capture adult birds across the study site, and not just those 
using nest boxes, could help to identify the presence of floater females.  
 The mean level of relatedness among females in this population is low. Additionally, for 
the parasitic females we could identify, the relatedness estimate for that female and the social 
mother of the box they putatively parasitized was not different from the average relatedness of 
all females. Therefore it seems unlikely that kin selection is contributing to the occurrence of 
CBP in this population. Physical distance between nesting locations was not associated with 
relatedness of nesting females, probability of maternity for mismatched offspring, or occurrence 
of mismatched offspring. Our study site is relatively small, however, with the maximum distance 
between nest boxes only 1.48 kilometers. This may have reduced our ability to detect spatial 
relationships that might become apparent at a larger scale.  
 We found no difference in mean age, nest initiation date, or body condition between host 
and non-host females breeding in the same year (details in Appendix). This suggests that host 
females are not targeted for being weaker in some regard, and therefore unable to defend against 
nest box intruders, or for being extremely high quality. Patterns of host selection by parasites 
seem to vary between systems; Tiedemann et al. (2011) found that eider duck females targeted 
older, related females when laying eggs parasitically, while Yamaguchi (2000) determined that 
grey starling parasites did not discriminate between hosts based on any measured characters. Our 
findings suggest that parasites choose hosts opportunistically, and not based on qualities of the 
female incubating the nest. 
 Raising a brood with CBP does not seem to have a negative effect on the survival of the 
female to the next breeding season or her ability to successfully breed in subsequent years (see 
Appendix). However, host females fledge significantly fewer biological offspring than their non-
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host counterparts, and this decrease in reproductive output sets them back such that they produce 
significantly fewer offspring than females who are never a host, even if they are able to double-
brood. This is the ultimate cost of CBP to the host female.  
 It is not clear why this behavior has been largely undetected in warbler species to this 
point. One possibility is that this behavior is not common, and perhaps instances of offspring-
mother mismatch were so low in other studies that they were determined to be not meaningful 
(e.g. Stutchbury et al. 1997) or rejected as genotyping error. Other studies have looked for 
evidence of CBP in warbler species (e.g. Sealy et al. 1989) but found no evidence that it was 
occurring. Another possible explanation is that this behavior is an indirect result of our long-term 
maintenance of nest boxes for this species. As discussed above, nest boxes were first established 
at this site in 1988 and are maintained with very small openings to minimize entrance by brown-
headed cowbirds (destructive interspecific brood parasites) and predators. Overhanging branches 
are also trimmed away from boxes at the beginning of each season. Nest predation and cowbird 
parasitism are therefore extremely low for individuals using these nest boxes (16.1% of clutches 
from 2009 – 2013 predated, 2.2% with cowbird parasitism). This high density of quality nest 
sites could lead to competition for nest boxes and overlap of breeding territories, effectively 
resulting in a semi-colonial nesting environment which has been shown to engender CBP (Semel 
and Sherman 2001). Roy et al. (2009) showed that both the availability of public information and 
competition for nest boxes were related to instances of CBP in wood ducks; a similar 
phenomenon was described in goldeneyes (Poysa 2006) and may also be happening here. 
Additionally, CBP is much more common in wood ducks using nest boxes than those breeding in 
natural cavities (Semel et al. 1988). We do have consistently high occupancy of nest boxes at our 
study site, with 92% to 94% of boxes occupied by prothonotary warblers each year from 2010 to 
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2013, suggesting that nest sites might be a limiting factor for females in this population. Cooper 
et al. (2009) found that prothonotary warblers breeding in natural cavity nests had territory sizes 
ranging from 1.98 (± 0.12) to 4.57 (± 0.36) hectares. The average distance between our nest 
boxes is 53.4 meters, resulting in a considerably higher nest density than what was found in a 
natural system. Additional studies of this species breeding in natural cavities, and in nest boxes 
at lower densities, may help elucidate the factors driving this behavior.  
 Breeding density and nest site limitation have been shown to be important drivers of the 
frequency of parasitism in a population, and these factors interplay to influence both individual 
reproductive success and population dynamics (Lyon and Eadie 2008, de Valpine and Eadie 
2008), with high rates of CBP potentially leading to lower overall reproductive success of the 
population. The success of the parasite depends on that of the host, as is the case to some degree 
in all parasitic interactions, and so the most evolutionarily stable strategy for long-term 
population stability would be one that maximizes reproductive output for both. The conditions 
under which CBP can become stable in a population can vary drastically based on demographics 
and life history characteristics (e.g. clutch size, fledging success, lifespan) as well as extrinsic 
ecological factors (e.g. resource limitation) (Eadie and Fryxell 1992, de Valpine and Eadie 
2008).  
 Understanding the drivers and consequences of CBP in different systems will help us to 
not only place this behavior in the context of varied avian mating strategies but also understand 
its role in the evolution of obligate interspecific brood parasitism (Hamilton and Orians 1965, 
Robert et al. 2000, Shaw and Hauber 2009). We have observed prothonotary warbler nestlings in 
the nests of both Carolina chickadees and tree swallows utilizing our nest boxes (L. Bulluck pers. 
comm.), presumably an indirect result of nest site limitation or nest loss during egg laying. 
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Although rare, these observations provide insight into the development of an obligate parasitic 
tactic and highlight the dynamic nature of avian breeding systems.  
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Tables and Figures 
 
 
Table 1: Summary of microsatellite loci used in maternal exclusion analyses, including number 
of alleles, expected and observed heterozygosity, inbreeding statistic (FIS), exclusion probability, 
and null allele frequency.  
Locus No. Alleles 
Exp. 
Heterozygosity 
Obs. 
Heterozygosity FIS 
Exclusion 
Probability 
Null Allele 
Freq. 
Lsw12 25 0.909 0.614 0.325 0.824 0.159 
Dpu01 25 0.843 0.708 0.160 0.719 0.054 
Dpu16 17 0.910 0.867 0.047 0.819 0.027 
Dpu03 7 0.654 0.632 0.034 0.415 0.039 
VeCr04 12 0.435 0.443 -0.018 0.269 0.010 
VeCr06 12 0.594 0.571 0.040 0.402 0.009 
VeCr07 18 0.917 0.739 0.194 0.831 0.101 
VeCr03 11 0.835 0.452 0.459 0.674 0.219 
Multilocus    0.078 0.999  
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Table 2: Number of individuals and family groups sampled and results of maternal exclusion 
analysis by year. Total offspring sampled only include those that were part of a complete family 
group, i.e. blood samples were taken for all offspring and the putative mother. Mismatched 
clutches include all clutches that had at least one mismatched offspring. 
Year Females Total offspring 
Mismatched 
offspring  
Proportion 
offspring 
mismatched 
Total 
clutches 
Mismatched 
clutches 
Proportion 
clutches 
mismatched 
2009 28 163 16 0.098 46 6 0.130 
2010 60 260 25 0.096 72 16 0.222 
2011 58 261 20 0.077 76 14 0.184 
2012 63 279 36 0.129 71 22 0.309 
2013 60 288 45 0.156 68 20 0.294 
Total 167 1251 142 0.113 333 78 0.234 
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Table 3: Parameter estimates for linear regression model predicting average annual reproductive 
success (total number of biological offspring divided by total number of years breeding)  
Parameter Estimate SE t-value p-value 
Intercept 2.80 0.25 11.5 < 0.0001 
Mean Age 0.25 0.09 2.8 0.0048 
Prop DB 3.39 0.27 12.5 < 0.0001 
Host [Yes] -1.02 0.26 -3.9 0.0001 
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Figure 1: Map of study site at Deep Bottom Park near Richmond, VA. Points in the second frame 
represent nest boxes. 
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Figure 2: Distribution of per-clutch offspring mismatches. Bars represent the number of clutches 
with one or more mismatched offspring in clutches containing at least one mismatched offspring. 
255 clutches had zero mismatched offspring (n = 333 total clutches). 
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Figure 3: The ages in years of the social mother for a mismatched offspring and the most likely 
biological mother (likely parasite) for cases where a biological mother could be identified from 
the population (n = 21). 
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Figure 4: Timing of egg laying for host nests and likely parasitic females (n = 12). Points falling 
on or near the dashed line represent cases in which the parasitic female was laying eggs in her 
own clutch during the egg-laying period of the parasitized clutch. Points above the line represent 
cases where the parasite dumped an egg in an earlier clutch and laid her own clutch later in the 
season. Points below the line represent cases where the parasite had a clutch early, and then 
dumped an egg in a later clutch. The darker circles represent clutches with two dumped offspring 
both matched to the same likely biological mother. 
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Figure 5: Distribution of pairwise relatedness estimates for all females breeding in nest boxes at 
our study site from 2009 to 2013 (n = 229).  
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Figure 6: Relationships between physical distances of nest boxes and relatedness of nesting 
females for early and late clutches from 2009 to 2013 (sample sizes and Mantel correlations 
given in Table 5) 
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Figure 7: Average number of eggs laid and biological offspring fledged for clutches with and 
without at least one mismatched young. 
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Figure 8: Predicted average annual reproductive success as a function of the proportion of years 
double brooding and the mean age of a female, for host and non-host females. Host females 
fledged an average of 1.33 ± 0.308 fewer biological offspring per year than non-host females, 
even with double-brooding.  
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Appendix 
 
Reproductive output across years 
 Breeding data was analyzed for 228 females breeding from 2009 to 2013, with the 
number of females breeding in each year ranging from 58 to 83 (Table A5). Nest initiation date 
was not the same across all years (F4,326  = 10.7, p <0.001) with 2010 having a significantly later 
average initiation date than all other years (2009: p < 0.001, 2011: p < 0.001, 2012: p <0.001, 
2013: p = 0.0106) and 2013 having a significantly later initiation date than 2009 (p = 0.0348). 
Both mean number of eggs laid and mean number of young fledged per female was significantly 
different across years (Eggs: F4,327 = 3.3, p = 0.0105, Fledged: F4,343 = 6.3, p < 0.001), with a 
larger mean clutch size in 2011 than in 2010 or 2013 and a higher mean number of fledglings in 
2009 than in 2010, 2012, or 2013 (Table A5).  
Characteristics of host females 
 Body condition index was found for adults by fitting a linear model of mass by tarsus 
length, including an identifier for the bander as a random effect to account for variation due to 
instruments or individuals performing measurements. Residuals from that regression were saved 
and are reported as body condition index. Comparisons of age, nest initiation date, and body 
condition of host and non-host females were conducted separately for each year from 2009 to 
2013. 
 There was no difference in age of hosts and non-hosts breeding in the same year (t = -
1.05, p = 0.2993). There was also no significant difference in first nest initiation date or body 
condition for hosts and non-hosts (Figure A3; body condition: t = -0.7557, p = 0.451; first nest 
initiation date: t = 0.087, p = 0.9308). 
Adult return rate 
	   40 
 For all females breeding in a given year (year x), we determined whether or not they were 
present in the following year (year x + 1), and modeled this using a generalized linear mixed-
effects model with a logit link. The following predictor variables were included in the model: 
number of young fledged (Fledged), double-brooding (DB Yes/No), and host status (CBP 
Yes/No). Double-brooding has been shown to be related to return rate in this species (Hoover 
and Reetz 2006). We included the number of young fledged to account for the energy 
expenditure of raising larger broods, and host status to determine if hosts had a lower return rate 
than non-hosts. We also included the band number of the female as a random effect in all models 
to account for individuals present in multiple years.  
 Adult return rate was not significantly associated with the number young fledged, double-
brooding, or host status in the previous year (Table A6).   
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Table 1: Microsatellite loci used in maternal exclusion analyses, including the annealing 
temperatures (Ta) with which multiplexed PCR was run, the forward (F) and reverse (R) primer 
sequences, and the observed range of fragment sizes in base pairs. All loci were developed for 
other Parulidae species but have been used previously to successfully assign parentage in this 
species. 
 
Locus Ta (°C) Primer sequence 
Fragment 
size (bp) 
Lswu121+ 57 F- ATCCCATTGAGGACTTTCTTG R- TTCCCTGAAGGARATCAACATC 403-461 
Dpu012* 57 F- TGGATTCACACCCCAAAATT R- AGAAGTATATAGTGCCGCTTGC 138-184 
Dpu162* 57 F- ACAGCAAGGTCAGAATTAAA R- AACTGTTGTGTCTGAGCCT 150-180 
Dpu032* 57 F- GAATTACCCATTATTGGATCC R- AGCAGCAAAACAAACCAG 150-180 
VeCr043* 60 F- TGCAGGGATGTTGTGACCA R- TGTCTCCTGTACCCTGCAC 120-159 
VeCr063* 60 F- TGTCCTCCCCCTGTTTGTTTTA R- ATTCTCCCCACTGCATCCTTCA 307-331 
VeCr073* 60 F- CTCGGTATGTGTCCCTGCCTTA R- TTATTCCCTGCAGTTGCTGTGA 111-153 
VeCr032* 60 F- GGCACTTGACAGCAGCAGAGATG R- CTTGGGGTGTCCCTAAACAGTCAT 160-170 
*previously used in this species by Beck (2010)+previously used in this species by Heidrich (2013)  
1. Winker et al (1999); 2. Dawson et al (1996); 3. Stenzler et al (2004) 
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Table 2: Nest initiation dates by year, used to classify clutches as “early” or “late.” Julian days 
are given in parentheses. 
 
Year Earliest Double-brood threshold Latest 
2009 April 24 (114) May 19 (139) May 31 (151) 
2010 April 25 (115) May 29 (149) June 19 (170) 
2011 April 18 (108) May 8 (128) June 20 (171) 
2012 April 14 (105) May 20 (141) June 21 (173) 
2013 April 21 (111) May 25 (145) June 25 (176) 
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Table 3: Results of mantel correlations of relatedness by physical distance between nesting 
location. Correlations were computed twice for each year to account for possible changing of 
nesting location by females between early and late clutches. 
 
Year Timing Number of clutches Mantel r p-value 
2009 Early 17 0.2055 0.015 
2009 Late 5 0.3143 0.209 
2010 Early 49 -0.0181 0.758 
2010 Late 45 0.04428 0.283 
2011 Early 32 -0.00973 0.641 
2011 Late 62 0.03393 0.163 
2012 Early 42 0.004692 0.450 
2012 Late 52 0.002278 0.493 
2013 Early 42 0.01085 0.385 
2013 Late 52 -0.06613 0.933 
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Table 4: Results of Mantel correlations between occurrence of dumped eggs in nest boxes and 
the physical distance between boxes. 
Year Number of clutches Mantel r p-value 
2009 40 -0.0717 0.875 
2010 60 -0.0134 0.581 
2011 60 0.0078 0.413 
2012 61 -0.0060 0.564 
2013 60 0.0433 0.132 
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Table 5: Annual reproductive success for females breeding from 2009 to 2013. Means and 
standard deviations are given for female age (in years), nest initiation date (in Julian Day), 
number of eggs laid, number of all young fledged, and number of biological offspring fledged. 
For each year, the proportions of females that double-brooded and were hosts are given, with the 
number of individuals given in parentheses. The total proportion of females that ever double-
brooded and the total proportion of all females that were ever a host are also listed. 
Year N Female Age 
Nest 
Initiation 
Eggs 
Laid 
Young 
Fledged 
Biological 
Offspring 
Double 
brood Host 
2009 83 2.8  (± 1.43) 
123.3  
(± 8.89) 
6.4  
(± 2.36) 
5.6  
(± 2.36) 
5.5  
(± 2.44) 
0.446 
(37) 
0.048 
(4) 
2010 67 2.57  (± 1.36) 
140.9  
(± 17.08) 
5.7  
(± 2.44) 
4.2  
(± 1.92) 
3.8  
(± 2.00) 
0.209 
(14) 
0.209 
(14) 
2011 58 2.91  (± 1.51) 
125.2  
(± 17.52) 
7.1  
(± 2.77) 
4.9  
(± 2.59) 
4.7  
(± 2.51) 
0.448 
(26) 
0.224 
(13) 
2012 72 2.81  (± 1.58) 
128.5  
(± 18.48) 
6.1  
(± 2.67) 
4.2  
(± 2.23) 
3.7  
(± 2.25) 
0.250 
(18) 
0.292 
(21) 
2013 72 2.93  (± 1.71) 
131.4  
(± 19.24) 
5.9  
(± 2.16) 
4.1  
(± 2.37) 
3.6  
(± 2.49) 
0.181 
(13) 
0.236 
(17) 
Total 229 2.51  (± 1.29) 
129.8  
(± 17.62) 
6.1  
(± 2.51) 
4.6  
(± 2.37) 
4.2  
(± 2.27) 
0.474 
(108) 
0.303 
(69) 
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Table 6: Parameter estimates for logistic regression model predicting adult return rates to the 
following breeding season. 
 
Parameter Estimate SE p-value 
Intercept -0.72 0.41 0.076 
Fledged 0.025 0.09 0.794 
DB [Yes] -0.18 0.47 0.694 
CBP [Yes] 0.55 0.39 0.156 
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Figure 1: Frequency spectra of eight microsatellite loci used in maternal exclusion. Allele 
frequencies are shown for adults only (n = 179).  
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Figure 2: The proportion of all mother-offspring exclusions that occurred at each microsatellite 
locus. Any cases where the mother was homozygous for Lsw12, VeCr07, or VeCr03 were not 
considered in exclusion analysis to reduce mismatch error from potential null alleles at those 
loci.  
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Figure 3: Age (in years), body condition, and nest initiation date of host females compared to 
non-host females breeding in the same year.  
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CHAPTER 2 
 
EFFECTS OF CONSPECIFIC BROOD PARASITISM ON NEST-MATE CONDITION IN THE 
PROTHONOTARY WARBLER 
 
Abstract 
 Brood parasitism can have multiple negative effects on the host, including reduced 
nestling growth or condition, which can then influence survival and recruitment of juveniles. 
Here we investigate the costs of conspecific brood parasitism (CBP) in the prothonotary warbler 
(Protonotaria citrea), a species with intensive parental care. Previous work in this system (333 
family groups sampled across 5 years) showed that 23.4% of clutches contained an offspring that 
was not matched to the social mother. We predicted that if adults were unable to increase 
provisioning rates for these additional nestlings, overall body condition of the clutch would 
suffer. While females do increase provisioning effort to maintain a constant per-nestling feeding 
rate even for large broods, males do not increase provisioning rate for larger broods. 
Additionally, males of nests with CBP had lower overall provisioning rates than those without 
CBP (0.67 ± 0.27 fewer visits per chick per hour), which may indicate energetic tradeoffs 
between nest attendance and territory defense. Mean body condition was positively associated 
with male provisioning, but not female provisioning, though this relationship was not significant 
(r2 = 0.299, p = 0.0721). The links between provisioning and CBP are not well understood due to 
the rarity of widespread CBP in systems with intensive parental care, and these analyses indicate 
that CBP and male provisioning may predict nestling condition and long-term survival and 
recruitment.  
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Introduction 
 Parental care is energetically expensive, yet many species exhibit life history strategies 
that include high parental investment in offspring; the cost of parental care is balanced by 
increased fitness gained by the young (Trivers 1972). Brood parasites avoid parental investment 
by essentially forcing another individual to raise their young (Hamilton and Orians 1965). 
Conspecific brood parasitism (CBP), wherein a female dumps an egg in a conspecific female’s 
nest and provides no subsequent parental care, is a relatively widespread behavior in birds. This 
behavior is most commonly found in species with precocial young, which hatch fully developed 
and require little to no parental care (Yom-tov 2001, Lyon and Eadie 2008). In these systems, 
there is no evidence that the presence of a parasitic nestling has negative effects on hosts 
(Dugger and Blums 2001, Nielson et al. 2006), which calls into question whether the term 
“parasitism” is appropriate.   
 CBP is much less frequently documented in species with altricial young, which are born 
featherless and blind are require a great deal of parental care, including feeding for up to a month 
after hatching (Ar and Yom-tov 1978, Cockburn 2006). The presence of an extra nestling (both 
via interspecific brood parasitism or experimental brood enlargement) also has been shown to 
increase parental provisioning rate (Cronmiller and Thompson 1980, Hoover and Reetz 2006), 
though often not enough to fully compensate for the extra nestling (Sanz and Tinbergen 1999, 
Parejo and Danchin 2006). Studies of experimentally-enlarged broods have also shown that 
adults have higher blood levels of the stress hormone corticosterone (Bonier et al. 2011), which 
has been related to decreased reproductive output in subsequent years (Mark and Rubenstein 
2013). We expect CBP in altricial systems to have similar effects, putting an increased energy 
demand on the adults that could ultimately decrease survival and reproductive success 
	   52 
(Siefferman and Hill 2008, Mutzel et al. 2013). Additionally, both decreased parental 
provisioning and increased brood size have been linked to nestling growth, quality, and 
likelihood of fledging (Gustafsson and Sutherland 1988, Tinbergen and Daan 1990, Wright et al. 
1998).  
 In the previous chapter we described the occurrence of CBP in a population of 
prothonotary warblers (Protonotaria citrea), a species that, like all passerines, has altricial young 
and high parental care requirements. Using maternal exclusion analyses at eight microsatellite 
loci of 333 family groups across five years (2009 to 2013), we determined that 23.4% of clutches 
contained at least one offspring that could not be matched to the social mother. We concluded 
that egg dumping seems to be an opportunistic tactic in this system, and found no evidence of 
parasites targeting closely related or older females, though for most mismatched offspring (86%) 
we could not identify a likely biological mother out of our breeding population, making 
inferences about parasite strategy difficult. Due to the high degree of parental investment in this 
system, we expected that host females likely suffered fitness costs associated with raising a 
parasitic offspring and found that they indeed fledged fewer biological offspring than non-host 
individuals.  
 Here we investigate potential mechanisms of fitness costs to the nestlings sharing a nest 
with a parasitic young by examining if provisioning by adults is associated with brood size and 
the presence of a mismatched offspring. If adults are able to increase provisioning to compensate 
for the additional nestling, nestling condition may not suffer; however if hosts provision 
nestlings at a rate proportional to only the number of biological offspring, each nestling in a nest 
with CBP would receive less food and therefore be in lower condition than nestlings in a clutch 
without a parasitic young. This decreased condition could then influence fledgling survival and 
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recruitment to the breeding population in subsequent years. We combine detailed observations of 
nestling provisioning from the 2013 breeding season with genetic analyses to understand how the 
presence of a parasitic young effects parental provisioning. We also use long-term demographic 
and banding recapture data to understand the fitness consequences of CBP in terms of 
recruitment of nestlings to the breeding population. 
 
Methods 
Study system and field methods 
 Prothonotary warblers (Protonotaria citrea) are Neotropical migrants that breed in 
bottomland hardwood forests throughout the southeastern United States and over-winter in 
Central and South America (Petit 1999). They are secondary cavity-nesters, and readily use 
manmade nest boxes. From 2009 to 2013, 65 nest boxes were monitored at Deep Bottom Park in 
Henrico County, VA. All boxes were checked three times a week during the breeding season. 
Females were captured at the box during incubation and banded with a U.S. Fish and Wildlife 
Service aluminum leg band as well as a unique three-color combination of plastic leg bands for 
re-sighting and identification (permit #23486). Morphometric measurements (wing, tail and 
tarsus length, and mass) were taken for each individual and a blood sample was collected via 
brachial venipuncture and blotted onto a Whatman FTA® card for storage. When possible, males 
were captured using mist nets or opportunistically during feeding. Nestlings were banded 
between days 6-8, and given an aluminum band as well as one cohort-specific color band to 
indicate hatch year for that year. Nestling mass was recorded and a blood sample taken following 
the method described above. Nestlings that we recaptured as breeding adults in subsequent years 
were given a unique 3-color combination.  
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Maternal exclusion  
 All DNA extraction, PCR, and exclusion analyses are described in detail in the previous 
chapter. DNA was extracted from blood samples dried on Whatman FTA cards following Smith 
and Burgoyne (20sd04), Method 4. Genomic DNA was amplified using PCR and all individuals 
were genotyped at 8 microsatellite loci. Fragment analysis was conducted on a 3730 DNA 
Analyzer (Applied Biosystems, Inc.) and trace files were analyzed using GeneMapper (Applied 
Biosystems, Inc.). Strict exclusion analyses were used to determine if a nestling was matched to 
the social mother, and only nestlings that mismatched the mother at three or more loci was 
considered mismatched.  Genetic analyses were performed using the gstudio package in R (Dyer 
2014; R Core Development Team 2013).  
Nestling provisioning 
 Nestling provisioning was quantified using video footage taken at the nest box when 
nestlings were between day 6 and day 10 (hatch day = day 0). Canon FS400 digital video 
camcorders were placed at least 5m away from the box and secured using a tripod or JOBY 
GorillaPod. All observations were recorded between sunrise and 11:00 AM and were between 
two and four hours long.   
        Videos were watched and details of all adult visits to the box were recorded, including 
sex of the individual, color bands, whether a food item was brought, the size of the food item 
relative to the bill, the amount of time spent at the box per visit, and whether a fecal sac was 
removed. Size of the food item was scored from 1-3, with a 1 representing a food item smaller 
than the bill, a 2 representing a food item the same size as the bill, and 3 representing a food item 
larger than the bill (Beck 2010). Where possible, the type and number of food items (most 
commonly mayflies and caterpillars) were also recorded. All videos were watched by three 
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observers to minimize variation due to observer. Videos were excluded from analysis if the sex 
of the parent could not be reliably determined for more than 25% of visits due to poor lighting 
conditions. 
 The number of visits per hour was strongly associated with the amount of food brought to 
the nest (females: r = 0.884, p < 0.0001; males: r = 0.770, p < 0.0001), and we rarely observed a 
visit during which the parent did not bring a food item, so the number of visits by each parent 
was used as a measure of nestling provisioning rate. To standardize observations for both brood 
size and the length of recording, we calculated the number of visits per nestling per hour by each 
parent. To determine the effect of brood size and CBP on the provisioning behaviors by the male 
and female parents, linear regression models were constructed separately for each sex, using 
visits per nestling per hour as the response variable. We assessed the effect of number of 
biological offspring (BioFledged) and total brood size (Nestlings) separately, and also included a 
binary indication of whether or not the nest contained a mismatched offspring (CBP). We also 
included age of the nestlings (Age) as a predictor as this was found to be strongly associated with 
female provisioning rates (r = 0.43, p = 0.0066). We predicted that individuals may be less able 
to provision for a large brood size if one or more offspring were not biologically related, so we 
also included an interaction term between the total number of nestlings and the presence of CBP.  
Nestling condition 
 Nestling body condition is reported as mass adjusted for nestling age (day 6-8). Tarsus 
measurements were only taken for all nestlings beginning in 2012, so a mass adjusted for body 
size condition measurement could not be determined for all nestlings in the study. For nestlings 
hatched in 2013, body size (tarsus) adjusted mass was strongly correlated with age-adjusted mass 
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(r = 0.49, p < 0.0001, n = 319). A linear regression model of mass as a function of age was fit 
using all nestlings and the residuals from that model are reported as nestling body condition. 
 We used a linear model to determine if brood size (Brood) and the presence of a 
mismatched nestling (CBP) were related to mean nestling body condition for the clutch using 
data from 348 clutches from 2009 to 2013. We constructed linear regression models that 
included the above predictor variables as well as the date (Julian Day) of measurement, as 
previous work in this system has shown that nestlings in later clutches tend to have lower body 
condition indices (L. Bulluck pers. comm.). We also tested for correlations between mean body 
condition of the clutch and male and female provisioning to determine if parental provisioning 
behaviors influence nestling body condition (n = 38 clutches in 2013 only). 
Recruitment of nestlings 
 Long-term recapture data were used to determine overall rates of nestling recruitment at 
our study site. Capture records from 1988 – 2013 were used to determine the proportion of 
nestlings born at our site that returned to breed in a subsequent year. Separate analyses were 
conducted for individuals for whom we also had genetic data, hatched from 2009 to 2012. For 
each clutch (n = 342), we determined both the total number of offspring that were captured as 
breeding adults as well as the number of biological offspring that were recaptured as breeding 
adults. We were interested in determining if nestling quality (mean body condition) and the 
presence of a mismatched nestling were related to nestling return rate. We used generalized 
linear models with Poisson errors and a log link function; a Poisson error structure was selected 
due to non-constant variance in the response, as well as the large number of zeros in the response 
variable (clutches with no recruitment). We included as predictors the total number of offspring 
in the clutch (Tot Offs), to account for variation in the number of potential recruits from that 
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nest, as well as the total number of years in which we could have observed recruitment (Time), 
which was found as the difference between 2013 (last year of observation) and hatching year (i.e. 
a bird hatched in 2009 had 4 years to be observed again, while a bird hatched in 2012 had only 1 
year). We also included the mean nestling body condition of the clutch (Mean BC) and the 
presence of a mismatched offspring (CBP). Using the same set models, we tested the for 
relationships between these predictors and both the (1) total number of recruited nestlings from a 
clutch (Recruits) and the (2) number of recruited biological offspring (Bio Recruits) from each 
clutch that returned to breed in our study site in a subsequent year. When modeling biological 
offspring recruits as the response, we used the total number of biological offspring fledged from 
the nest (BioFledged) instead of the total number of offspring as a predictor. All models were 
fitted using R version 3.0.2 (R Core Development Team 2013). Model fit was assessed to ensure 
model assumptions were met, including normality and homoscedasticity of residuals. 
 
Results 
Nestling provisioning 
 Nestling provisioning was compared between 38 clutches for which we had both 
provisioning video footage and genotyping data. Of those, 8 had at least one mismatched 
offspring. Clutch sizes ranged from 2 to 6, with a mean of 4.2 nestlings per nest; the number of 
biological offspring in the nests ranged from 0 to 6, with a mean of 3.8 biological offspring per 
nest (Table 1). Provisioning rates by one sex was not associated with provisioning by the 
opposite sex partner (r = 0.097, p = 0.5605). 
 For females, nestling age was the strongest predictor of provisioning rate (Figure 1a), 
with provisioning rates increasing for older nestlings. Female provisioning was significantly 
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associated with the age of the nestlings, the number of biological offspring in the nest, and the 
presence of CBP (Adj. R2 = 0.188, F3,34 = 3.8, p = 0.0176), but Age was the only predictor with a 
parameter estimate significantly different from zero (Table 2).  Female provisioning was also 
strongly associated with nestling age, brood size, CBP, and the interaction between nestlings and 
CBP (Adj. R2 = 0.225, F4,33 = 3.7, p = 0.0137), again with Age as the strongest predictor (Table 
2).  
 Male provisioning was strongly associated with the presence of CBP, age of nestlings, 
and the number of biological offspring (Adj. R2 = 0.162, F2,35 = 3.4, p = 0.0292). The model 
including CBP, age of nestlings, total brood size, and an interaction between brood size and CBP 
was not as strong (Adj. R2 = 0.144, F2,35 = 2.6, p = 0.0570). CBP was a strong predictor of male 
provisioning rates in both models (Table 2; p < 0.02 in both). Males decreased per-nestling 
provisioning for each additional nestling in the nest (Figure 2), and this pattern was consistent 
when modeling the total number of nestlings (0.19 ± 0.106 fewer visits per chick per hour for 
each additional offspring) or the biological offspring only (0.16 ± 0.08 fewer visits per chick per 
hour for each additional offspring).  
Nestling body condition 
 Mean body condition of nestlings was not associated with brood size, CBP and Julian 
Day of measurement (Adj. R2 = -0.0089, F3,254 = 0.24, p = 0.8655). Additionally, this model did 
not meet linear model assumptions (evidence of very large residuals that deviated slightly from 
normality) and so interpretations of parameter estimates are not meaningful. Mean body 
condition of the clutch was not associated with female provisioning (r = -0.088, p = 0.6054) but 
was weakly associated with male provisioning (r = 0.299, p = 0.0721; Figure 3). 
Nestling recruitment 
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 From 1988 to 2013, 5.02% of all nestlings born at our study site returned to breed as 
adults (Table 3). The majority of the adults (80%) caught were female, as capture efforts have 
historically focused on capturing females using nest boxes without extensive mist netting efforts 
to capture males. Therefore, these estimates are conservative and may represent as little as half 
of all nestling recruits. Proportions of total offspring and biological offspring recruited from each 
clutch were not different for clutches with and without CBP (Table 4). Recruitment was weakly 
associated with mean body condition and CBP when modeling total offspring recruitment (χ2 = 
8.5, df = 4, p = 0.0747) but not biological offspring recruitment (χ2 = 6.9, df = 4, p = 0.1372). 
Neither mean body condition nor CBP were significant predictors of nestling recruitment. 
 
Discussion 
 Male and female prothonotary warblers showed different responses in provisioning to the 
presence of a parasitic offspring, and we found no evidence that individuals adjust provisioning 
behavior according to their partner’s effort. For females, provisioning behavior was most 
strongly associated with the age of the nestlings, with older nestlings associated with more visits 
per chick per hour. Per-nestling provisioning rate was not associated with brood size, which 
indicates that females do increase overall provisioning effort for larger broods; to maintain 
constant number of visits per nestling per hour as the number of nestlings increases, the female 
must increase total number of visits per hour. The presence of a mismatched offspring (CBP) was 
not associated with female provisioning rate. Hoover (2003) found that prothonotary warbler 
adults did not seem to be able to recognize or respond to inter-specific brood parasitism by 
brown-headed cowbirds, and our findings here suggest that females do not recognize conspecific 
brood parasites either. Although not significant (p  = 0.1354), when graphed (Appendix: Figure 
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1) the interaction term between the number of nestlings and CBP suggests an effect of CBP on 
provisioning for large broods, that is not apparent for smaller broods. Future studies using 
experimentally manipulated brood sizes could better test females’ ability to respond to additional 
offspring.  
 Male provisioning, however, was associated with the presence of a parasitic offspring. As 
the number of nestlings or biological offspring increased, the number of visits per chick per hour 
decreased, but nests with CBP received fewer visits per nestling per hour (1.02 ± 0.32 fewer 
visits per chick per hour as the number of biological offspring increased). This suggests firstly 
that males do not adapt their provisioning rates based on brood size, but rather visit the nest at a 
relatively constant rate (resulting in decreased per-nestling visits for an increased number of 
nestlings), which is not what others have found in studies using experimentally enlarged broods 
(Sanz and Tinbergen 1999, Beck 2010). It may also suggest that males are able to somehow 
detect parasitism and withhold parental investment, a strategy which has been hypothesized to 
occur as a response to suspicion of extra-pair young (Whittingham et al. 1992). Alternatively, it 
could be that nests with males that are poor provisioners are more likely to be parasitized, as 
poor provisioning may be related to poor nest attendance in general and, most importantly here, 
during the egg laying period. Previous studies have demonstrated energetic trade-offs between 
aggression and parental care (e.g. Duckworth 2006, Barnett et al. 2012), where males allocate 
energy to either territory defense (through aggressive behaviors) or parental care (e.g. nest 
attendance, provisioning). Under this framework, we would expect more aggressive males to 
spend more time on territory defense, and therefore spend less time guarding the nest and 
provisioning young, potentially allowing for more opportunities for brood parasitism.  
 Nestling provisioning has been shown to be related to increased nestling condition and 
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survival (Wright et al. 1998, Schwagmeyer and Mock 2008, Stodola et al. 2010). In this study we 
found no relationship between mean body condition of the clutch and the rate of provisioning by 
the female, but there was a positive relationship between mean clutch body condition and 
provisioning by the male. This relationship is especially interesting given the strong relationship 
between male provisioning and the presence of CBP. If parasitized young are more likely to be 
found in nests with males that are poor provisioners, the combination of parental personality and 
an enlarged brood could have a greater effect on nestling condition that just one of those factors 
alone. Experimental manipulation of brood size coupled with efforts to quantify aggressive 
behavior in males could help elucidate the mechanisms behind these relationships.   
 Nestling condition does seem to influence the probability of recruitment, as mean 
nestling body condition of the clutch was an important variable in predicting both the total 
number of offspring recruited and the number of biological offspring recruited in the clutch. 
Although some studies have found nestling mass to be positively associated with survival and 
recruitment (e.g. Magrath 1991), we did not find a very strong effect. It has been suggested that 
nestling quality before fledging does not provide a complete picture of offspring fitness (Smith 
and Wettermark 1995, Bize et al. 2007). For example, Hegyi et al. (2011) found that nestling 
growth rate, but not nestling mass, was related to the probability of recruitment in collard 
flycatchers.  
 The analyses presented here indicate that CBP may be linked to nestling quality and 
fitness through parental provisioning rates. It’s unclear whether males are adaptively responding 
to CBP and withholding provisioning or, alternatively, if the fact that a nest is parasitized 
indicates something about the energy allocated to nest defense by the male. The links between 
these behaviors are not well established and warrant further study, as most species that exhibit 
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CBP do not provide extensive provisioning of young (Yom-tov 2001). Hosts of obligate 
interspecific brood parasite demonstrate a range of abilities (or disabilities) to prevent, detect, 
and respond to parasitism (Hoover 2003, Lyon 2003, Rios-Chelen et al. 2008). Most documented 
cases of a host response to both interspecific brood parasitism or CBP occur in the egg stage, 
where individuals in some species seem to recognize their own eggs and reject additions (Lyon 
2006, Soler et al. 2011) while many others do not (Briskie and Sealy 1987, Sealy et al. 1989, 
Kempenaers et al. 1995, Whittingham and Dunn 2001, Moksnes and Elvertø 2006). These 
adaptations have been linked to host personality, although the effect of personality is also likely 
influenced by other factors such as parasite density (Avilés and Parejo 2011). Understanding the 
links between CBP, nestling provisioning, and adult personality could provide insight into the 
development of CBP as an alternative reproductive tactic both in this species and also in others 
with higher levels of parental care.  
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Tables and Figures 
 
 
Table 1: Sample sizes, clutch sizes, and average number of visits per nestling per hour by male 
and female parents. Means and standard deviations are given for the total number of nestlings in 
the nest, the number of biological offspring, and the visits per nestling per hour for each parent.  
 
 N 
Total 
nestlings 
Biological 
offspring 
Visits/Chick/Hr, 
Female 
Visits/Chick/Hr, 
Male 
No 
mismatched 
offspring 
30 4.1 (± 1.19) 4.1 (± 1.19)  1.45 (± 0.543) 1.57 (± 0.731) 
At least one 
mismatched 
offspring 
8 4.3 (± 1.28) 2.3 (± 1.48) 1.12 (± 0.594) 0.884 (± 0.413) 
Total 38 4.2 (± 1.19) 3.8 (± 1.48) 1.38 (± 0.563) 1.43 (± 0.729) 
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Table 2: Model parameter estimates for linear models predicted provisioning rates (visits per 
nestling per hour) by male and female parents (n = 38 clutches from 2013). For both sexes, 
Model A includes total brood size (Nestlings) as a predictor, while Model B includes the total 
number of maternal biological offspring (BioFledged) as a predictor.  
Parameter Estimate SE p-value 
Females – All Nestlings    
Intercept -0.23 0.700 0.7438 
Age 0.21 0.0824 0.0149 
Nestlings -0.0069 0.0779 0.9296 
CBP [Yes] 0.79 0.741 0.2963 
Nestlings x CBP [Yes] -0.26 0.169 0.1354 
Females – Biological Offspring    
Intercept -0.64 0.715 0.3777 
Age 0.23 0.0823 0.0084 
BioFledged 0.053 0.0684 0.4418 
CBP [Yes] -0.21 0.244 0.4011 
Males – All Nestlings    
Intercept 1.9 0.953 0.0508 
Age 0.057 0.122 0.6140 
Nestlings -0.19 0.106 0.0692 
CBP [Yes] -1.85 1.007 0.0750 
Nestlings x CBP [Yes] 0.28 0.231 0.2312 
Males – Biological Offspring    
Intercept 2.02 0.941 0.03846 
Age 0.032 0.108 0.7714 
BioFledged -1.17 0.089 0.0723 
CBP [Yes] -1.02 0.321 0.0032 
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Table 3: Number of fledglings recruited to the breeding population at our study site, including 
both the total number of offspring recruited, and those recruited from clutches with and without 
CBP.  
 
1988 – 2013 
2009 – 2013 
 Total With genetic data 
Clutch 
without CBP 
Clutch 
with CBP 
Recruited 447 132 57 44 13 
Total fledged 8910 4312 1328 1047 281 
Percent of total 5.02 3.06 4.29 4.20 4.63 
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Table 4: Average proportion of nestlings recruited by clutch. Means and standard deviations are 
given for the percent return rate of all nestlings, all biological offspring, and only female 
nestlings and biological offspring. Average recruitment of total offspring or biological offspring 
is not significantly different for clutches with and without CBP.  
 
All nestlings All female nestlings 
Biological 
offspring 
Female 
biological 
offspring 
Clutches with CBP 5.21  (± 11.40) 
4.42  
(± 10.85) 
2.70  
(± 9.65) 
2.17  
(± 8.82) 
Clutches without CBP 4.64  (± 13.51) 
3.60  
(± 12.34) 
4.64  
(± 13.51) 
3.60  
(± 12.34) 
All clutches 4.75  (± 13.13) 
3.75  
(± 12.07) 
4.28  
(± 12.89) 
3.34 
(± 11.77) 
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Figure 1: Female visits per chick per hour as a function of the age of the nestlings as well as (B)  
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Figure 2: Male visits per nestling per hour as a function of (A) the number of maternal biological 
offspring in the nest and the presence of CBP and (B) the total number of nestlings in the nest 
and the presence of CBP.  
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Figure 3: Mean nestling body condition as a function of the number of visits per nestling per 
hour by the male. Body condition was weakly associated with male provisioning (r2 = 0.299, p = 
0.0721) 
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Appendix 
 
 
Figure A1: Female provisioning rates (visits per chick per hour) as a function of the total number 
of nestlings and the presence of a parasitic offspring, illustrating the weak interaction between 
the number of nestlings and CBP. This interaction term was not significant in the overall model 
predicting female provisioning (p = 0.1354). 
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CONCLUSIONS 
 Avian mating systems are dynamic, and we continue to understand new facets of the 
plasticity of breeding strategies. The widespread occurrence of CBP documented here, in a 
Family in which this behavior has not been previously described, serves to underscore that idea, 
and is likely due to the response of some individuals to environmental factors, namely preferred 
nest box limitation and breeding density. This thesis lays the groundwork for many future studies 
that can more precisely parse apart the factors driving this behavior.  
 My analysis of the effects of CBP on host fitness revealed some costs (fewer biological 
offspring produced per year), but those costs were not nearly as pronounced as what has been 
shown in cases of interspecific brood parasitism. This should not be surprising, however, since 
most obligate interspecific brood parasites have evolved aggressive behaviors that help the 
nestling outcompete host nest-mates, also leading in many cases to increased provisioning by the 
parents to meet the demands of the parasite nestling. In this study, although host females 
produced fewer biological offspring, parasitized nests were equally as successful as non-
parasitized nests and the net population reproductive output did not seem to suffer. If frequency 
of parasitism increases, the balance of costs and benefits at the population level could shift out of 
equilibrium. Continued work to document the frequency and costs of CBP over time could lead 
to a better understanding of these population-level implications.  
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